We report the memory operation behavior of a light illumination ambipolar single-walled carbon nanotube thin film field-effect transistors devices. In addition to the high electronic-performance, such an on/off transistor-switching ratio of 10 4 and an on-conductance of 18 lS, these memory devices have shown a high retention time of both hole and electron-trapping modes, reaching 2.8 Â 10 4 s at room temperature. The memory characteristics confirm that light illumination and electrical field can act as an independent programming/erasing operation method. This could be a fundamental step toward achieving high performance and stable operating nanoelectronic memory devices. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The assembly of nanostructured materials designed for specific functions is of increasing interest for a broad variety of applications as nanoparticles typically display extreme performances when measured on the microscopic scale. Hybrid nano-devices 1-3 are becoming ubiquitous in a vast range of applications, such as organic transistors, 4 ,5 organic solar cells, 6, 7 and artificial photosynthetic systems. [8] [9] [10] The key advantage of combining nanostructured materials and conventional electronic platforms is that the nanomaterials respond in a very specific manner to external stimuli (e.g., the change of optical and electronic structure as a response to light or varying temperature). Under proper conditions, the reaction can be converted into an electrical response, leading to a specific signature or added performance. The functionality of conventional electronics can be, therefore, dramatically widened towards novel fields of nanodevices and/or sensors 11 or energy harvesting systems 12, 13 while maintaining the excellent performance and cost benefits of silicon-based electronic devices.
In particular, nanoscale electronic devices made from carbon nanotubes (CNTs), such as transistors 14, 15 and sensors, 16, 17 are much smaller and more versatile than those that rely on conventional microelectronic chips. Recently, prototypes of memory devices based on CNT field-effect transistors (FETs) were also reported. 18 FET memory devices have been widely studied due to the advantages of nondestructive read-out, easily integrated structure, and well compatibility with complementary metal oxide semiconductor (CMOS). 19, 20 Recent research on FET based memory devices has made great progress, and some performance parameters of the Organic Field Effect Transistor memory devices could be even comparable to those of inorganic FET memory devices. 21, 22 In this paper, we report on memory operation devices based on ambipolar single-walled carbon nanotube (SWCNT) thin film field-effect transistors (TFTs). In addition to the high-performance, such as transistor switching ratio of 10 4 and an on-conductance of 18 lS, a memory effect based on light illumination TFTs was systematically recorded. In addition, these memory devices have shown an excellent high retention time of both hole and electrontrapping modes, for more than 2.8 Â 10 4 s at room temperature. Finally, the memory characteristics have confirmed that light illumination and electrical field can act as independent programming/erasing operation method to realize the memory function.
II. EXPERIMENTAL DETAILS
SWCNTs were grown by plasma torch technology, which produces SWCNTs in the gas-phase. 23 The resulting plasma-grown SWCNTs have typical lengths of 0.3-4 lm (from AFM measurements; data not shown). High resolution TEM micrographs of these bundles are displayed in Fig. 1(a) , revealing that they are consisting of SWCNT with individual diameter in the nanometer range (diameters ranging from 1.17 to 1.24 nm and centered at around $1.20 nm were the most observed in the present case, as shown by the statistical histogram in the inset of Fig. 1(a) ). The most common nanotubes (mode of the distribution) are the (10,9) chirality as assessed by photoluminescence excitation (PLE) mapping. 24 These SWCNT-bundles were often found to measure few micrometers in length leading to aspect ratios of over three orders of magnitudes. Furthermore, the as-produced plasma SWCNTs contain approximately 80% semiconducting SWCNT. The products were first chemically purified by an acidic treatment through refluxing in a 3M-HNO 3 (Sigma Aldrich) solution. 25 The plasma-grown carbon nanotubes were characterized by bright field TEM using a JEOL JEM-2100 F FEG-TEM (200 kV) microscope. The Raman measurements were performed with the 514.5 nm (2.41 eV) laser radiation of an Ar þ laser focused onto the sample with a spot diameter of 1 lm (microRaman spectroscopy, Renishaw Imaging Microscope Wire TM ). Prior to SWCNT deposition for the TFT fabrication, the purified SWCNTs were first ultrasonicated in dimethylformamide (1 mg/ml) solution for 6 h and then centrifuged at 14 000 rpm for 30 min to select well-dispersed, narrow bundles of SWCNTs. The centrifuged solution (10 ll) was then drop casted on the top of SiO 2 /Si surface (thermally grown SiO 2 of 55 nm-thick on a heavily B-doped p-type Si of 0.01 X cm resistivity) and held at 50 C for solvent evaporation. The density of deposited SWCNTs was controlled through the number of drops cast on the substrate. First, the electrical-percolation thresholds were systematically investigated with respect to the SWCNTs concentrations. Nanotube network having a surface density of $3 lm À1 (i.e., the total length of SWCNTs per unit area) and corresponding to eight drops cast onto the Si/SiO 2 substrate was then found to create a well percolated SWCNT network with a high degree of reproducibility. Typically, nanotube densities between 2 and 60 lm À1 lead to optimal TFT performances in terms of On/Off ratios and mobility. Lower densities below the percolation threshold will dramatically decrease the electron mobility, while higher densities might allow metallic SWCNT to bridge the channel, thereby significantly lowering the On/Off ratio. Ti/Mo (20/180 nm) drain and source were then deposited by means of PLD (pulsed laser deposition, using ArF excimer laser, 193 nm) in a TFT scheme ( Fig. 1(c) ). The incident light source was provided by a white light-emitting diode with a wavelength (WL) in the range of 400-700 nm and light intensity of about of 188 mW/cm 2 (GE Lumination TM LED). The same set of devices were first illuminated from the top by the white light source, as shown in Figure 1 (c), and in a second step, by different monochromatic laser lights (only one WL irradiation is used at the same time), while keeping all the light parameters unchanged, i.e., the same light intensity, spot area, duration time, etc. These subsequent laser irradiations were blue (488 nm), green (514 nm), and red (688 nm) (CNI Ltd. China), in this order, for comparison purpose. The electrical transport properties of TFTs were measured using a semiconductor parameter analyzer HP 4155C, Agilent Technologies.
The TFT channel length and width were initially designed to be 150 and 1500 lm, respectively. To reduce the metallic-SWCNTs content, we introduced an electrical breakdown (more details on the process are available in Ref. 26 ). Hereafter, we discuss the device characteristics achieved after the breakdown procedure. Nevertheless, the electrical breakdown is time consuming, and thus one still needs to develop better ways to scale up the removal of metallic nanotubes.
III. RESULTS AND DISCUSSION
Structural information on the diameter of nanotubes was directly obtained as well by analyzing Raman spectra ( Fig. 1(b) ), which is showing a clear RBM signal centered at 186 cm
À1
. This RBM is seen to be intense and very narrow, a typical characteristic of the high quality SWCNT material. According to the relation of Bandow et al., 27 the frequency positions of the RBM vibrational mode correspond to nanotubes diameter distribution centered at 1.20 nm, in total accordance with the real space observations by TEM. In addition, the transverse modes (G and D bands, centered at 1600 and 1350 cm À1 , respectively) are also consistent with the typical signature of SWCNT, where the D peak is due to the presence of other carbon structures that are inevitably produced by the torch plasma process (e.g., amorphous carbon and graphitic carbon shells). However, the assumption has to be taken with high care since the overall quality of the CNT product cannot be evaluated based solely on the intensity of the D-band peak, since it provides also from the possible structural defects of the CNT themselves.
However, the very low D-to-G peak intensity ratio of 0.01 indicates the overall high structural quality of the plasma-grown SWCNTs. In sum, the structural quality of our torch-plasma grown SWCNT could be estimated based on (i) the D/G peaks ratio, (ii) the quality of the obtained TEM images (although the spot covered by TEM analysis is of a very small area comparatively to the whole sample surface, however, random TEM analysis performed on various samples could be of a good statistical signification), and finally (iii) further to their electronic responses when integrated into TFT like devices.
As illustrated by Kataura plots, semiconducting SWCNTs with diameters between 1 and 1.5 nm are resonant and display a strong Raman effect when excited by a 514.5 nm laser, leading to a large G band in the Raman spectrum. Conversely, metallic SWCNTs are resonant and produce a large G band when illuminated with a 633 nm laser. A lineshape analysis of the tangential G-band feature (at 514 nm excitation, and thus for semiconducting SWCNT) shows that only two components are present. Both the higher (1580 cm
) and the lower (1530 cm À1 ) wavenumber components have a Lorentzian lineshape as all higher-order plasmon interactions lead to energy losses.
As there are many version of the Kataura plots (for the basis please see the Ref. 28) , it is worth noting at this level that for narrow diameter distributions such as the one displayed by laser, arc, and plasma-grown SWCNT, one of the electronic types (metallic or semiconducting) will contribute more to the Raman signal for a given incident wavelength. For our case, the 514.5 nm wavelength will excite predominantly semiconducting tubes, while a 633 nm wavelength will excite predominantly metallic tubes. However, both types will contribute to the signal for any of those two wavelengths.
The excitation of low energy optical plasmons in the metallic nanotube is responsible for the low intensity peak known as the Breit-Wigner-Fano (BWF) mode in the G-band Raman spectra. 29 However, SWCNT Raman spectra have to be interpreted with care as it has been well accepted that optical spectra (absorption, resonance Raman scattering, etc.) are dominated by absorption/emission of light polarized parallel to the tube axis, involving transitions between electronic states at van Hove singularities (VHSs) in the density of states. These sharp and discrete transitions are necessary to create resonance between the nanotube surface plasmons and the excitation light wavelength (514.5 nm in the present case) and thus a strong Raman signal. 30 However, the absence of other features in the Raman spectra should thus not necessarily be interpreted as an absence of other nanotube diameters with different chiralities and hence different electronic characters that may be present in the sample. For example, the RBM signal of SWCNT with diameters larger than 3 nm would be seen at wavenumbers below 150 cm
, a range that cannot be imaged with the Raman spectrometer we employed (note that nowadays Raman spectrometers could allow measurements at very low wavenumbers, even down to 50 cm
, e.g., the DXR TM Raman microscope, Thermo Scientific).
Once integrated into device, the SWCNT networks were investigated in a TFT scheme. The gate-source voltage (V GS ) was continuously incremented by a step of 15 mV from À3 to 3V. This gives a total of 40 iterations to reach the final V GS value. This process is repeated several times. By plotting the I SD as a function of the gate voltage V GS (at a constant source-drain voltage difference V SD ¼ 1 V), a transfer curve is obtained (linear plot in Fig. 2(a) and semilogarithmic one in Fig. 2(b) ). This characteristic transfer curve clearly shows, in the On-state, an accumulation of positive carriers (holes) for negative gate voltages. As V GS increases, I SD is seen to decrease markedly from 18 lA (at À3 V) to 300 pA (at 0 V) (i.e., the Off-state). This leads to an On/Off transistor switching ratio as high as 6 Â 10 4 (in some devices, even higher switching ratios were obtained, but in a lower degree of reproducibility). By further increasing to higher positive values, I SD steeply increases and again reaches an On-state characterized this time by the accumulation of negative carriers (electrons) for V GS > 1 V. This characteristic clearly demonstrates that these FET-like devices are ambipolar (i.e., they carry a strong current at both negative and positive values). The ambipolar behavior has been reported in the case of a single nanotube 31 and randomly networked SWCNT bundles. 32 The intrinsically ambipolar character of nanotube-network FET is impacted by water and oxygen molecules, acting as dopants that are present in the atmosphere and attach to the bare (non-encapsulated) nanotubes in the network. Also to be noted is the clearly distinct p-type and n-type states that were observed in the case of FETs made of a single SWCNT. [31] [32] [33] [34] The occurrence of the ambipolar behavior suggests that the SWCNT bundles collectively behave as a system of which the contact Fermi level is located in the mid-gap, thereby leading to similar barriers for the injection of either holes or electrons. Ambipolar behavior has been observed in nanotube-based FETs with TiC contact electrodes 31 (i.e., the low work function of TiC of 3.84 eV(Ref. 35) ) and is expected to decrease contact resistance and consequently improve the injection of both pand n-type carriers in the SWCNTs channel. In addition, the ambipolar behavior can be a direct result of the intrinsic electronic properties of SWCNTs with large diameters and consequently narrow bandgaps 36 (the bandgap of a nanotube is inversely proportional to its diameter). Its worth noted as well that the presence of nearly symmetric Schottky barrier for electrons and holes between CNTs and Ti electrodes (W F $ 4.3 eV) is believed to be also the result of choosing the contact material with the work function approaching that of the nanotubes.
Nevertheless, for a more complete understanding of the electrical transport properties of SWCNT bundles, one might also have to consider inter-tube interactions within a bundle, which have been shown to affect the electronic structure of these systems. 37 In addition, the question of measure-to-measure within the same TFT device and the device-to-device reproducibility should be as well debated. Figure 2 (b) displays repetitive measurements performed within 18 days duration time and showing fluctuation below 2%. However, the p-type zone was found to show better stability than the ntype region, where the measure to measure fluctuations are less than 1%. For the device to device reproducibility, this is dramatic when a FET based on single (/individual) or few number of nanotubes as active channel is used. Actually, one of the main advantages of the thin film technology, using network of thousands of individual nanotubes randomly distributed, is particularly to decrease significantly this FET-to-FET fluctuation. Nevertheless, it is worth mentioning that not all our TFTs devices were functional. As a matter of fact, approximately 30% of them did not show any gate modulation or were simply shorted. This is believed to be not only due to the presence of unbroken metallic-CNTs during the electrical breakdown process but also due to other amorphous carbon nanostructures or simply caused by fabrication imperfections. Electronic performance recorded for 48 working devices has shown that fluctuation was found to be within 3.20% uncertainty.
Finally, sophisticated logic circuits based on these ambipolar TFTs have also been demonstrated. An important outcome of this work is the addictiveness in integrating CMOS-like logic gates using ambipolar hybrid TFTs. Figure 3 shows the output characteristics of the NOR gate. The logic block employs a 100 kX resistive load in the pulldown network, while four ambipolar hybrid TFTs were connected using external Au-wires to serve as the pull-up network. The value of the resistive load is chosen so that it is between the On-state resistance and the Off-state resistance of the transistors. The NOR circuit is operated with a V DD of 3 V. 3 and À3 V applying on gates A and B are treated as logics "1" and "0," respectively. For the NOR gate, the output is "0" when either one of the two inputs is "1." These output characteristics confirm that the circuits realize the logic function correctly. Although ambipolar behavior has been considered undesirable in the next generation devices, there is mounting evidence that the ability to control ambipolarity presents a design opportunities, and this work strongly argues for further investigation of its applicability.
An important characteristic of these TFTs is the wavelength dependence of the electrical switching. Figure 4 (a) displays the transfer characteristics of TFT devices excited at different wavelengths. Moreover, to gain more insight, Figure 4 (b) shows a clear correlation between the magnitude of the drain current (at V GS ¼ 0 V) and the electrical transistor switching (i.e., On/Off ratio) and the wavelength of the laser light. While the drain current seems to behave inversely proportionally to the laser wavelength (k), the On/Off transistor switching ratio increases with increasing k indicating an increase in the Off and the n-type states. First, results show no increase in drain current for the p-type saturation region (i.e., at V GS ¼ À3 V). The simplest explanation is that the transistor has reached its fully ON state and the current through the nanotube corresponds roughly to the highest current expected at extremely negative gate biases (limited by the source and drain contact resistances) and is lightindependent. The second important information is related to   FIG. 3 . Output characteristics of the logic NOR gate circuit using four ambipolar SWCNTs based TFTs. the depletion and n-regions. Indeed, the difference between the drain current related to the white and blue-illuminated plots is of one order of magnitude (at V GS ¼ 0 V). It is thus believed to be a kind of light-induced electron-doping as the principal mechanism for the observed effect. These assumptions are based mainly on the observations we conducted. Additional in-depth investigations should be performed to elucidate all the involved mechanisms.
We would like to mention as well that all the shown transfer characteristics excited under different WL are only those showing a high degree of reproducibility and were repeated at least 26 times during continuous 18 days.
The transfer hysteresis curves of hybrid TFT memory device are shown in Figure 5(a) . From the initial transfer characteristics at saturation V SD of 1 V, the jÀV th j of 1.03 V, a subthreshold swing of 195 mV/decade, the On/Off ratio of 6 Â 10 4 , and a field effect mobility of 3.8 cm 2 /V s were recorded. In this work, all V th (the minimum voltage that is required to make the transistor ON) were extracted from the linear plot of the I DS -V GS transfer characteristics (as shown in Fig. 2(a) ) and are extracted for increased V GS . The mobility was calculated using the classical parallel plate capacitor model.
When a program V GS of À6 V (this value was experimentally identified and chosen to be high enough to induce a tunnel effect through the silicon dioxide layer, the same principle for the positive V GS ) and 1 ms were applied, the holes accumulated at the SiO 2 /SWCNT active channel transistor interface can tunnel through the SiO 2 by the large gate electric field and become trapped in the SiO 2 layer (note that an electrical field of 1.09 Â 10 8 V/m is generated). This increases the jV th j and shifts the I DS -V GS curve in the negative direction. This phenomenon is related to the hysteresis (in the characteristic transfer curve) typically displayed by nanotube FET. When an erase V GS of 6 V for 100 ms was applied, the trapped holes in the SiO 2 may tunnel out over the SiO 2 by the electric field and lowered the jV th j. Alternatively, the electrons may also be generated in the depletion region of TFT, tunnel into the SiO 2 , and annihilate the trapped holes. 38 Therefore, the jV th j value can be shifted, reversibly, by applying an appropriate program or erase V GS . In essence, the charge trapping in the dielectric layer alters the state of the transistor, and theses different states can be used to store information.
Good retention characteristics are necessary for nonvolatile memory. Figure 5(b) shows the retention data under a program and erase condition of À6 V for 1 ms and 6 V for 100 ms. The initial memory window of 5.25 V was obtained that decreased to 2.85 V after 8 hrs retention (2.88 Â 10 4 s). The fast charge loss from the 2100 s to 7500 s is highly likely due to the defects in the SiO 2 layer and the rough tunnel oxide surface substrate. The charge loss then stabilizes and a minimal change was recorded for the following 20 500 s. It is worth mentioning here that the investigation of the existing correlations between the defects density and the charge loss (leakage current) with different dielectric constant of various dielectric materials having different thicknesses would be of great insight to this field. Figure 6 (a) summarizes the typical shift in the transfer curve of the TFT memory devices under light programming (188 mW/cm 2 ) and electrical erasing (applied À6V) operation modes. After the TFT memory devices were illuminated by the white light source for 10 s, the transfer curve was shifted toward the positive direction with a significant shift of jV th j of about þ3 V, meaning that the programming state could be independently achieved by light illumination. The positive shift of transfer curve during the programming process showed that the type of trapped charges were electrons, which was defined as electron-trapping mode. After applying a gate voltage of À6 V for 1 s, the transfer curve fully surpassed the initial state, meaning that the trapped electrons caused by light illumination could be also completely released by electrical operation. Finally, Figure 6 (b) showed the retention characteristics of the TFT memory devices measured under light programmed and erased states. The displacement in the value of jV th j of the TFT memory devices was maintained between 3.4 and 2.36 V for time spans greater than 1.4 Â 10 3 s, suggesting that the programming state caused by light illumination is stable. We recorded all the V th shifts as a function of time to build Fig. 6(c) , which shows the time-dependent measurements of the optical switching of the TFT devices. The light illumination-response stability behavior is undoubtedly confirmed.
At the same time, the On/Off transistor ratio of the TFT memory devices was maintained at about 10 4 during the whole measured time period. Taken together all the data, it is suggested that the hole-and electron-trapping modes in SWCNT-TFT ambipolar devices and especially the resulting transfer curves can be used as stable states to robustly program, store, and access information. This places these devices as promising candidates in high-density (per unit cell) data storage. Meanwhile, light illumination as an independent programming/erasing operation method was also shown to be reliable, offering a new memory method of information storage.
IV. CONCLUSIONS
The presented method used to fabricate TFT memory devices from SWCNT bundles is technologically straightforward and avoids the need to deal with SWCNT individually during sample preparation. The obtained devices can be reversibly switched and exhibit a high storage stability at room temperature. Although the exact mechanism behind the light illumination programming devices deserves further careful investigation, the memory effect presented here represents a significant extension of the range of SWCNT applications. Indeed, in addition to demonstrate the possibility to employ white light illumination as an efficient tool to study the onset voltage (threshold) and hysteresis behavior in the SWCNT-FET based devices, this work shows that when assembled into large networks, SWCNTs switching elements could be used as well as building blocks for memory devices with high storage capability. In addition, by combining the simultaneously p-type and n-type states into the hybrid devices, we have demonstrated a CMOS-NOR gates with resistive load. Improved device characteristics may be achieved via more defined SWCNT modifications, for example, by chemical attachment of functional groups capable of large charge storage.
